Renal injury in the Dahl salt-sensitive rat mimics human salt-sensitive forms of hypertension that are particularly prevalent in black individuals, but the mechanisms that lead to the development of this injury are incompletely understood. We studied the impact of renal perfusion pressure (RPP) on the development of renal injury in this model. During the development of salt-induced hypertension over 2 wk, the RPP to the left kidney was maintained at control levels (125 Ϯ 2 mmHg) by continuous servocontrol inflation of an aortic balloon implanted between the renal arteries; during the same period, the RPP to the right kidney rose to 164 Ϯ 8 mmHg. After 2 wk of a 4% salt diet, DNA microarray and real-time PCR identified genes related to fibrosis and epithelial-to-mesenchymal transition in the kidneys exposed to hypertension. The increased RPP to the right kidney accounted for differences in renal injury between the two kidneys, measured by percentage of injured cortical and juxtamedullary glomeruli, quantified proteinaceous casts, number of ED-1-positive cells per glomerular tuft area, and interstitial fibrosis. Interlobular arteriolar injury was not increased in the kidney exposed to elevated pressure but was reduced in the control kidney. We conclude that elevations of RPP contribute significantly to the fibrosis and epithelial-to-mesenchymal transition found in the early phases of hypertension in the salt-sensitive rat. Rapid development of renal injury is a prominent feature of salt-induced hypertension in the Dahl salt-sensitive (SS) rat. Within a few weeks of high salt exposure, SS rats develop substantial injuries in preglomerular vessels, glomeruli, and the tubulointerstitial compartment. [1] [2] [3] This prominence of renal injury in the SS rat mimics human salt-sensitive forms of hypertension that are particularly prevalent in black individuals. 4 The extent of renal injury is known to vary widely in various forms of hypertension. Rapid development of renal injury in SS rats is in sharp contrast with that observed in spontaneously hypertensive rats (SHR), another commonly used rat model of hypertension. Hypertension in the SHR of a magnitude and duration similar to that seen in SS rats results in little or no renal injury. [5] [6] [7] [8] Moreover, although it is recognized that hypertension is a strong independent risk factor for renal failure, the effectiveness of BP control in the reduction of renal injury varies greatly between subpopulations of hypertensive patients. 9 -11 These observations have clouded the question of how much physical factors related to the elevation of renal perfusion pressure (RPP) actually contribute to renal injury in hypertension. This issue has not been easily clarified given the difficulty in sustaining a chronic increase
Rapid development of renal injury is a prominent feature of salt-induced hypertension in the Dahl salt-sensitive (SS) rat. Within a few weeks of high salt exposure, SS rats develop substantial injuries in preglomerular vessels, glomeruli, and the tubulointerstitial compartment. [1] [2] [3] This prominence of renal injury in the SS rat mimics human salt-sensitive forms of hypertension that are particularly prevalent in black individuals. 4 The extent of renal injury is known to vary widely in various forms of hypertension. Rapid development of renal injury in SS rats is in sharp contrast with that observed in spontaneously hypertensive rats (SHR), another commonly used rat model of hypertension. Hypertension in the SHR of a magnitude and duration similar to that seen in SS rats results in little or no renal injury. [5] [6] [7] [8] Moreover, although it is recognized that hypertension is a strong independent risk factor for renal failure, the effectiveness of BP control in the reduction of renal injury varies greatly between subpopulations of hypertensive patients. 9 -11 These observations have clouded the question of how much physical factors related to the elevation of renal perfusion pressure (RPP) actually contribute to renal injury in hypertension. This issue has not been easily clarified given the difficulty in sustaining a chronic increase of arterial pressure without concomitantly altering the systemic neurohormonal factors such as circulating levels of angiotensin II (AngII) and other factors known to cause tissue injury independent of elevated arterial pressure. 12 In this study, we applied unique techniques that enabled us to determine the contribution of RPP in the development of renal injury in SS rats. We used a chronic pressure servocontrol technique that we previously used in an AngII ϩ high-salt model of hypertension. 12 The system maintained the RPP to the left kidney of the SS rat at control levels for several weeks, whereas RPP to the right kidney increased in response to a high-salt diet (4.0% NaCl). Both the left and the right kidney were therefore exposed to an identical systemic neurohormonal and metabolic environment, but different levels of RPP with the left kidney protected from the high pressure. A functional genomic approach using microarrays was applied to identify molecular pathways potentially mediating the injurious effects of the elevated perfusion pressure, whereas histologic methods were used to validate these pathways and quantify the differential injury between these two kidneys in the SS rat.
RESULTS

RPP to Left and Right Kidneys
The average pressure values of the servocontrolled (n ϭ 6) and sham rats (n ϭ 6) are summarized in Figure 1A . After switching from the 0.4 to 4.0% salt diet, average 24-h right kidney RPP (measured from the carotid artery) increased significantly by the third day of high salt when compared with the last day of 0.4% salt diet of 129Ϯ 2 and continued to rise to 164 Ϯ 8 mmHg by day 14 of 4.0% high-salt diet. Two of the rats were terminated on day 10 of high salt for technical reasons and the remaining four on day 14. Kidney tissue from these six rats was used for all subsequent histologic and microarray analyses. The RPP to the left kidney of the same rats (measured from the femoral artery) was servocontrolled to within Ϯ4 mmHg of baseline pressure values, which averaged 125Ϯ 2 during the control period and remained unchanged after switching to 4.0% high-salt diet. Baseline mean arterial pressure of a separate group of sham rats (n ϭ 6) averaged 126Ϯ 1.5 mmHg and stayed relatively constant throughout the study with day 14 averaging 131Ϯ 3 mmHg while maintained on the 0.4% salt diet. A representative pressure tracing of the RPP to the right and left kidneys in a single servocontrolled rat is shown in Figure 1B . Typically in the SS rats, diurnal variations of Ͼ50 mmHg were observed, becoming especially prominent during the period of 4.0% high salt. RPP fell to levels almost equal to those of the controlled left RPP during the resting (daylight) phase of the cycle.
Chronically Elevated RPP Altered the Gene Expression Profile of the Outer Medulla
The approximately 20,000-element cDNA microarray was used to identify differences of gene expression profiles between the outer medulla of the right uncontrolled and the left servocontrolled kidneys (n ϭ 6) and provide insights into the molecular effect of high RPP. Six biologic replicates with two technical replicates (dye switching) were examined. The criteria for differential expression were an absolute mean log 2 ratio Ͼ0.4465, corresponding to three times the SD of log 2 ratios of all genes and a P Ͻ 0.03. With these criteria, 57 genes (Table 1) were identified as differentially expressed, with a false discovery rate of 2% based on permutations (see the Concise Methods section).
Real-time PCR analysis was performed for eight of the identified genes using the same RNA samples used in the microarray studies. These eight genes spanned the entire ranges of log 2 ratio and P value of the identified genes. The real-time PCR results were directionally consistent with the microarray data for all eight genes ( Figure 2) . Moreover, the differential expression of five of the eight genes was statistically significant on the basis of real-time PCR, thus supporting the overall reliability of the microarray data. In SS rats (n ϭ 6), the femoral arterial pressure (E) was monitored to reflect the perfusion pressure of the left kidney, which was continuously servocontrolled at the baseline level after initiation of the 4.0% NaCl diet. The carotid arterial pressure of the same rats (F), reflecting the perfusion pressure of the right kidney, was allowed to increase in response to the increased salt diet. A separate sham group of SS rats (n ϭ 6; OE) were maintained on 0.4% salt diet throughout the study. Means Ϯ SEM of 24 h averages are summarized for each day of study. (B) A representative pressure tracing of 3-min averages is shown from a single rat.
BASIC RESEARCH www.jasn.org Table 1 . Genes differentially expressed between the outer medulla of the uncontrolled right kidney (high pressure) and the servocontrolled left kidney (normal pressure) BASIC RESEARCH www.jasn.org that might lead to increased levels of fibrosis and epithelial-tomesenchymal transition (EMT). Specifically, tissue inhibitor of metalloproteinase 1, serine protease inhibitor, and ␣2-macroglobulin, all inhibitors of local proteolysis, were upregulated in the medulla of the hypertensive right kidney. Smooth muscle protein 22 (transgelin, a smooth muscle-specific protein) and collagen IV ␣1, a basement membrane component, were also upregulated. As described next, results obtained from immunohistochemical preparations and quantification of tissue for smooth muscle actin (SMA) strongly supported the predictions of these microarray data.
Chronically Elevated RPP Exacerbates Renal Injury in Dahl S Rats
Interstitial Fibrosis. The uncontrolled right kidneys exposed to the elevated RPP showed prominent interstitial fibrosis compared with the servocontrolled left kidney as determined by SMA and collagen IV staining ( Figure 3) . Together, the gene expression data confirmed by the results of the immunohistochemistry indicate that the outer medulla of the right kidney underwent EMT and extracellular matrix formation that was driven specifically by the elevation of RPP to that kidney. Tubular Injury. Gomori trichrome staining showed casts predominately in medullary thick ascending limbs and was observed in both servocontrolled and uncontrolled kidneys, as shown in Figure 4 , top. The protein cast region of the outer medulla was quantified from the Gomori trichrome-stained sections, as summarized in Figure 5A . Cast formation tended to be higher in the uncontrolled right kidney than in the servocontrolled left kidney (P ϭ 0.052). Sham data of the left kidney of 0.4% salt fed SS rats, shown in Table 2 , did not differ significantly from the servocontrolled left kidney of the 4.0% salt-fed rats. Osteopontin (OPN) expression was also determined as an index of tubular injury with staining for OPN in Figure 2 . Eight of the 57 genes found by microarray to be differentially expressed between the outer medulla of the uncontrolled right kidney (high pressure) and controlled left kidney (normal pressure) were analyzed using real-time PCR. Ratios of higher pressure kidneys (right kidneys) over lower pressure kidneys (left kidneys) for mRNA expression level are shown for the microarray (f) and real-time PCR methods (u); n ϭ 6 for microarray, n ϭ 6 for real-time PCR; *P Ͻ 0.05. C4, complement C4; Col IV␣1, collagen type IV ␣1; EGR1, early growth response 1; GPSP2, regulator of G-protein signaling protein 2; IGFBP5, insulin-like growth factor-binding protein 5; MM2, matrix metalloproteinase 2; Myl9, myosin regulatory light chain Myl9; TIMP-1, tissue inhibitor of metalloproteinase 1. BASIC RESEARCH www.jasn.org the juxtamedullary region ( Figure 4C ). OPN staining was also observed in Bowman's capsule, cortical proximal tubules, thick ascending limb, distal tubules, and collecting ducts (Figure 4, bottom) . Quantification of the number of OPN-positive tubules as summarized in Figure 5B indicated a significantly higher number of positive proximal tubules in the cortex of the uncontrolled right kidneys compared with the servocontrolled (P Ͻ 0.05) left kidneys. A similar tendency was observed in the outer medullary tubules, but this difference did not reach statistical significance. Glomerular Injury. As illustrated in Figure 6 , Ͼ40% of the glomeruli of kidneys exposed to the hypertension exhibited some degree of abnormality (scores Ͼ2 on a scale of 1 to 4). In the outer cortical region and the juxtamedullary region of the uncontrolled right kidneys, there was a significantly greater percentage of glomeruli with scores Ͼ2 than in the pressure-controlled left kidneys. Glomerular injury of the sham kidneys was similar to that of servocontrolled kidneys in both the outer cortical and juxtamedullary regions. These results show that glomerular injury in both of these regions was significantly determined by the elevated RPP. Glomerular macrophage infiltration was observed most predominantly in the outer cortical glomeruli as indicated by the number of ED-1-positive cells in these glomerular tufts, as summarized in Figure 7 . The average number of ED-1-positive cells was higher in the right uncontrolled kidney compared with the left controlled kidney. Sham kidney ED-1 cells did not differ significantly from the servocontrolled left kidney. Preglomerular Vascular Injury. In examination of tissue for vascular injury, there was minimal fibrinoid necrosis, thrombosis, or myointimal proliferation in the interlobular artery. Differences in median wall thickness were therefore determined as shown in Figure 8 . The median wall thickness ratio of the left servocontrolled kidneys was significantly (P Ͻ 0.05) less than that of the uncontrolled right kidneys; however, the median wall thickness ratio of sham kidneys was similar to those of uncontrolled right kidneys, indicating that the vessels of the hypertensive right kidney were not hypertrophied but that the vessels of the servocontrolled left kidney had undergone a reduction in wall thickness.
DISCUSSION
These results demonstrate that chronic elevation of RPP contributes significantly to the renal injury seen in SS rats during the early phase of salt-induced hypertension. These elevations of RPP alter expression of genes in the outer medulla of the hypertensive kidney that contribute to EMT and fibrotic injuries in this region of the kidney. The combination of physiologic and genomic techniques used in this study enabled the examination of some of the complex biologic processes that responded to the chronic elevations of RPP. [13] [14] [15] The analysis of differentially expressed genes predicted that the chronic elevations in RPP to the right kidney would induce EMT and fibrotic injuries. The immunohistochemical analyses carried out confirmed the functional pathways predicted by the microarray analysis. Results from other studies in our laboratory indicate that even in the prehypertensive (0.4% salt diet) state, the renal medulla of the SS rat exhibits a profibrotic gene expression profile compared with the salt-insensitive consomic SS.13 BN and the BN strains. 16, 17 This study demonstrated that the elevation of RPP in the SS rat greatly enhanced this profibrotic gene expression profile and was responsible for the rapid EMT, matrix synthesis, and interstitial fibrosis. We could not distinguish between pressureinduced changes in gene expression and those related to secondary downstream responses associated with renal injury in this study because it was not practical to examine multiple time points by microarray. We believe that we are observing a downstream response to pressure-induced injury, and the pattern of gene expression points to EMT.
More specific, expression of the tissue metalloproteinase inhibitor (MMP-2) was significantly higher in the outer medulla of the uncontrolled right kidneys, a gene that has been reported to be enhanced during the acute ischemic renal injury and 8 wk after reperfusion but then reduced after 16 to 24 wk. 18 An early increase in MMP-2 has also been observed in a ureteral obstruction. 18 MMP-2 initiates the proteolytic digestion of epithelial basement membrane and induces EMT. 19 The greater expression of this gene and the associated increases of SMA in the outer medulla of the uncontrolled right kidney suggest that the increase in RPP stimulated MMP, which in turn induced EMT, resulting in the pronounced interstitial fibrosis.
The precise mechanism(s) whereby elevations of RPP can alter the observed changes of gene expression remains to be determined. In wound healing, it has been found that mechanical forces stimulate TGF-␤ associated EMT. 20, 21 TGF-␤ is also known to stimulate MMP-2 and SMA in tubular epithelial cells, 19 although differential expression of the TGF-␤ gene was not observed in our microarray study. Because we previously Figure 6 . A glomerulus visualized by Gomori trichrome stain was considered injured when its injury score was Ͼ2 on a scale of 0 to 4. The percentage of glomeruli with an injury score Ͼ2 was determined for the cortical (f) and the juxtamedullary (u) glomeruli. The protected, servocontrolled left kidney had significantly fewer injured glomeruli in both regions than in the uncontrolled, high-pressure right kidney (n ϭ 6; *P Ͻ 0.05). Sham left kidney was not significantly different from the servocontrolled left kidney ( Table 2 ). (Table 2) were not different from those of controlled left kidney. Figure 8 . Interlobular arterial injury was determined by tracing the inner and outer circumferences with image analysis software and determining the ratio of the area of the inner lumen to the area of the outer circumference of the vessel. Median wall thickness ratio of the servocontrolled left kidney was significantly less than uncontrolled right kidney (n ϭ 6; *P Ͻ 0.05). The ratio for the sham kidney (Table 2 ) was significantly higher than the uncontrolled left kidney.
BASIC RESEARCH www.jasn.org observed that TGF-␤ protein is strongly expressed in the renal injury of high RPP kidney of AngII ϩ salt hypertensive rats, 12 it seems that the microarray assay was not sufficiently sensitive to distinguish differences in the expression of this gene.
Elevations of RPP that increase sodium and fluid delivery to the medullary thick ascending limb (mTAL) and distal tubule may be responsible for initiating some of the observed responses. The SS rat has a defective pressure-natriuresis mechanism 22, 23 and exhibits increased reabsorption of NaCl in the mTAL. 24, 25 A high-salt diet with increased filtration would be expected to lead to an increased delivery of NaCl to the mTAL and therefore to abnormally high levels of transport and metabolic activities in the distal nephron. We have found that increasing the amount of sodium in the superfusion 24 or perfusion 25 solution in a tissue strip preparation increases production of superoxide in the mTAL, and we hypothesized that this could trigger inflammation, EMT, and fibrotic injuries in the outer medulla.
It is also possible that the servocontrolled left kidney of the SS rats experienced a reduction of renal blood flow and excess renin release. Although renal blood flow was not measured in these studies, we believe this reduction is unlikely. It has been reported that SS rats exhibit reductions of renal blood flow at pressures below 120 mmHg. 26 In this study, because the servocontrol pressures to the left kidney averaged 125 mmHg, blood flow probably remained within the autoregulatory range. In our previous study using Sprague-Dawley rats, we did not observe an increase in plasma renin activity, suggesting there was adequate blood flow to the servocontrolled kidney. 12 
Perfusion-Induced Stimulation of Renal Inflammatory Changes
In an effort to understand better the inflammatory pathways that could be stimulated in this model, we probed tissue for OPN and ED-1. OPN is a secreted glycoprotein that is present in normal kidney, 27 although its constitutive expression differs between tubular segments and between species. It has been reported that OPN is expressed primarily in the thin limb of Henle in rats 27 and is overexpressed in many models of renal injury, such as in AngII-induced hypertension, 28 streptozotocin-induced diabetes, 29 five-sixths nephrectomy-highsalt hypertension, 30 and ureteral obstruction. 31 This is consistent with the results of this study in which OPN expression was increased in Bowman's capsule, cortical proximal tubules, thick ascending limb, distal tubules, and collecting ducts.
Elevated RPP was also associated with macrophage infiltration as determined by the number of ED-1-positive cells in the glomerular tuft of the uncontrolled hypertensive kidneys. This response could be secondary to the pressure-induced rise in OPN expression because others have found that OPN levels correlate with macrophage infiltration. 28 Long-term administration of an anti-OPN antibody has also been found to reduce macrophage infiltration and renal injury in a rat model of crescentic glomerulonephritis. 32 Our results therefore suggest that the elevated RPP stimulated inflammatory changes in Bowman's capsule and tubules as evidenced by the increased OPN and macrophage infiltration observed in the uncontrolled right kidney.
Oxidative stress has been shown to be elevated in kidneys of SS rats, [33] [34] [35] and we have shown that it is enhanced specifically in the outer medulla even before the high-salt diet. 34 Enhanced production of superoxide in this region can cause reduction in medullary blood flow and hypoxia, 36 which in turn may stimulate renal injury. It seems from this study that the development of renal injury that progresses naturally in the outer medulla of the SS rats (as shown in a previous study 37 and by the sham rats of this study) was significantly accelerated in the kidneys subjected to the elevated arterial pressure.
Differences in Vulnerability of Kidneys to PressureInduced Injury in Various Forms of Hypertension
Comparisons of the results of this study with those obtained in our previous analysis of the AngII ϩ salt-induced model of hypertension indicate that neurohormonal, metabolic, and physiologic differences between different models of hypertension can determine the extent to which an elevation of perfusion pressure contributes to renal injury. The AngII model had minimal outer cortical glomerular injury when compared with the SS rats in this study. Nearly 75% of the injury in juxtamedullary glomeruli, interstitial fibrosis, and interlobular arteriole hypertrophy could be attributed to elevations of RPP in the uncontrolled hypertensive right kidney in the AngII model. 12 In this study in SS rats (a low renin model of hypertension), the differences between the renal injury of the left servocontrolled and right uncontrolled kidneys as determined by percentage of injured cortical and juxtamedullary glomeruli, percentage of cast region, ED-1-positive cells per glomerular tuft area, and interstitial fibrosis (SMA and collagen IV) could be accounted for by the increased renal perfusion pressure to the uncontrolled right kidney. This is concluded because we could find no differences in any of these parameters when comparing the sham left kidneys of the SS rats fed 0.4% salt diet with the servocontrolled left kidneys of SS rats fed the 4% salt diet.
Both the SS and AngII models of hypertension differ from the SHR in which hypertension of the same magnitude and duration has been found to cause little or no renal injury. [5] [6] [7] [8] 38 This is thought to be a consequence of predominant preglomerular vasoconstriction in the SHR that protects the glomeruli from the elevated perfusion pressure. 39, 40 In contrast, reduced levels of preglomerular vasoconstriction are thought to exist in the SS rat. 41 Curiously, the servocontrolled SS kidney protected from the elevated RPP exhibited a reduced median wall thickness when compared with the sham control rats. Although we can only speculate about the reasons for this, it is possible that the blunted arterial pulse pressure distal to the aortic balloon occluder in the hypertensive rats may have resulted in an adaptive remodeling of these vessels.
It should be noted that precise calculation of the extent to which sodium intake, independent of the hypertension, ac-counted for renal injury was not possible because most of the indices of injury found in the sham control SS rats were nearly as great as those found in the left kidneys of the servocontrolled rats (glomerular injury, SMA, and ED-1) and in some cases exceeded that found in the servocontrolled kidney (as with median wall thickness); however, it is evident that nearly all of the additional renal injury of the right hypertensive kidney was pressure dependent.
Clinical Implications
The findings of this study have important clinical implications because the effectiveness of antihypertensive therapies on the reduction of renal injury remains a point of considerable debate. Some drugs, such as angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, seem to have renoprotective effects beyond what can be explained by the reduction of BP in certain patient populations. 42 Conversely, in mega-trials such as Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT), no major differences in the number of cardiovascular events and ESRD have been found among calcium channel blockers, angiotensin-converting enzyme inhibitors, and diuretics. 43, 44 Ogawa et al. 45 reported that although renin-angiotensin system blockers, when compared with calcium antagonists had a greater effect in reducing proteinuria in patients with diabetic nephropathy and in whom pressure was relatively high, while no difference was found in patients in whom the BP was relatively normal. Comparison of this study with our previous AngII ϩ salt study 12 suggests that the relative contributions of physical and biochemical factors to hypertensive renal injury may vary in different types of hypertension. Accordingly, the effectiveness of various antihypertensive treatments on renoprotection would be expected to depend on the type of neurohormonal and metabolic imbalance that underlies the development of hypertension and the susceptibility of the kidney to injury.
CONCISE METHODS
Experimental Animals
All studies were performed on 8-to 9-wk-old male inbred Dahl SS rats (Dahl SS/JrHsdMcwi) that were provided water ad libitum and maintained on an AIN-76 rodent diet with 0.4% NaCl (Dyets, Bethlehem, PA) from weaning. All protocols were approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee.
Surgical Preparation
Rats were anesthetized with a mixture of ketamine (30 mg/kg, intramuscularly), xylazine (2 mg/kg, intramuscularly), and acepromazine (2 mg/kg, intramuscularly). The surgical preparation was performed as described previously 12 and completed in 75 min with 7 d of recovery before study. Indwelling catheters were implanted in the right carotid and left femoral arteries and the left femoral vein. An inflatable silastic vascular occluder (1.5 mm lumen diameter, 2.5 mm width; Kent Scientific Corp., Torrington, CT) was positioned around the aorta between the left and right renal arteries through a midsagittal abdominal incision. The occluder cuff was attached to an 80-cm length of flexible Tygon tubing (0.76 mm inner and 2.29 mm outer diameter) that was exteriorized at the back of the neck with the vascular catheters and attached to a servocontrolled pump for inflation. The sham group was prepared in an identical manner, but the occluder cuff was never inflated.
Hemodynamic Measurements and Servocontrol of RPP As described previously, 12 a bidirectional turntable cage system (Rodent workstation with Raturn system; Bioanalytical Systems, West Lafayette, IN) enabled free movement of the rat throughout the study while protecting the catheter and occluder lines lightly tethered above the cage. Rats were conditioned to the turntable cage for several days before surgery. Arterial pressure above (carotid artery; right kidney RPP) and below (femoral artery; left kidney RPP) the aortic occluder cuff was continuously recorded (24 h/d) throughout the study with the pressure signals from the left femoral artery relayed to a computerized servocontrol unit to adjust the inflation of the aortic occluder cuff to servocontrol the RPP to the left kidney.
Experimental Design
After recovery from surgery, BP was measured for at least 3 control days of stable pressures before changing the diet on the servocontrol group from 0.4 to 4.0% NaCl, and measurements were continued for 14 d. Left RPP, as determined by femoral arterial pressure, was set to the average pressure obtained during the 3 d of baseline measurement and servocontrolled for 10 to 14 d during the development of the salt-induced hypertension. The sham group was maintained on the 0.4% NaCl diet for the duration of the study.
The contribution of RPP to the renal injury was determined by comparing the right uncontrolled kidney with the left servocontrolled kidney. The contribution of pressure-independent injury that is associated with the natural progression of renal disease in the SS strain on a 4% salt diet was determined by comparing the renal injury in the servocontrolled left kidney with the left kidney of the sham rats fed only the 0.4% salt diet.
Rats were killed by excess sodium pentobarbital (100 mg/kg) at the end of the study, and the kidneys were removed. Half of the kidney was immersion-fixed in 10% neutral buffered formalin and paraffin embedded. The outer medulla of the other half of the kidney was snap-frozen and stored at Ϫ80°C for isolation of RNA for gene expression profiling. The kidney tissue collected from the six servocontrolled rats was used for all subsequent histologic and microarray analyses.
Gene Expression Profiling
A microarray containing 17,664 elements of rat cDNA probes and 768 elements of control solutions was constructed and hybridized using a two-color (Cy3 and Cy5) method as described previously. 16,17,46 -49 cDNA products prepared from the outer medulla of the uncontrolled right and the controlled left kidneys of the same hypertensive rat were labeled with Cy3 and Cy5, respectively, and co-hybridized to a microarray. The hybridization was repeated on a second microarray with the two fluorescence dyes switched between the two kidneys. 50 A total of 12 microarrays were used to examine six pairs of outer medulla samples. The fluorescence intensity was extracted using Imagene 4.1 and categorized, filtered, adjusted, log transformed, and normalized to generate "qualified data" using the software ADAB based on the algorithms described previously. 16 A mean log 2 ratio of right over left kidney and a P value based on paired t test were generated by ADAB for each gene that had qualified data in all 12 microarrays. A log 2 ratio value and a P value were selected as tentative criteria of differential expression. False discovery rate was determined by permutations as described previously. 48 The criteria of differential expression were then adjusted until an acceptable false discovery rate was obtained. The differentially expressed genes were annotated as described previously. 16, 17, 48, 49 Real-Time PCR Real-time quantitative PCR was carried out with the same RNA used in the microarray studies using the ABI Prism 7900HT sequence detection system and SYBR Green reagents from Applied Biosystems (Foster City, CA) as described previously. 48, 49 The sequences of the primers used in this study are shown in Table 3 .
Histologic Analysis
A robotic DAKO autostainer (S3400; Dako Cytomation, Carpinteria, CA) was used for all immunostaining procedures so that all samples were stained under the same conditions in parallel. For quantification of vascular, tubular, and glomerular injury, histology sections were stained with Gomori's trichrome stain to highlight the casts and the fibrotic tissue. Median wall thickness of interlobular arteries was determined by the ratio of the area of the inner lumen to the total area of the vessel with image analysis software as described previously. 12 Glomerulosclerosis and mesangial matrix expansion were scored on a scale of 0 to 4 as described previously. 12 Approximately 75 superficial cortical and 45 juxtamedullary glomeruli were scored (blindly) from a randomly chosen section, and the average was used for statistical analysis. Interstitial fibrosis was determined by immunostaining with antibodies for ␣-SMA (Dako Cytomation) and collagen type IV (Iowa Hybridoma Bank, University of Iowa, Iowa City, IA). SMA was detected with an Envision/HRP detection kit (Dako Cytomation), and collagen IV had an FITC-labeled secondary antibody. Adjoining serial sections were also immunostained with OPN (Santa Cruz Biotechnology, Santa Cruz, CA) to indicate tubular injury and ED-1 (AbD Serotec, Raleigh, NC) to indicate macrophage infiltration. The percentage of the outer medullary region positive for SMA or collagen type IV was determined in 20 randomly chosen frames at ϫ20 magnification captured by either a Leica 1000 microscope (Leica, Bannackburn, IL) or a Nikon E600 (Fryer Co., Chicago, IL) microscope equipped with a Spot Insight color CCD camera (Diagnostic Instruments, Sterling Heights, MI) and quantified using Metamorph image analysis software (version 4.6; Universal Imaging Systems Corp., MDS Analytical Technologies, Downingtown, PA). Adjacent serial sections stained with Gomori trichrome were magnified with this same setup, and the percentage of the outer medullary tissue containing blocked tubules filled with protein was quantified as percentage cast by determining the proportion of red-stained structures in this region using the Metamorph software as we have described previously. 51 For OPN immunostaining, deparaffinized sections were retrieved by microwaving in 10 mM citrate buffer (pH 7.0) for 5 min, staining with anti-OPN (1:100; Santa Cruz Biotechnology), and visualized with diaminobenzidine containing nickel chloride. The number of OPN-positive tubules was counted in approximately 25 randomly chosen frames. For ED-1-immunostained slides, images of 100 randomly chosen superficial cortical glomeruli were captured to ascertain the macrophage cell infiltration per area of glomerular tuft, measured using ImageJ software (National Institutes of Health, Bethesda, MD). The data were analyzed as the number of ED-1-positive cells divided by the area of glomerular tuft as determined by tracing the outer circumference with the ImageJ software.
Statistical Analysis
Data are expressed at means Ϯ SE. Daily BP changes were determined by a one-way repeated measures ANOVA followed by a Tukey post hoc test to determine the differences between the baseline period and the Figure 2 for definition of gene abbreviations.
BASIC RESEARCH www.jasn.org 4.0% salt-induced hypertensive period. Paired t tests were used to evaluate differences between the controlled and uncontrolled kidneys of the servocontrolled rats. Unpaired t test were used to compare the left servocontrolled kidney with the left sham kidney.
